Highly specific and efficient delivery of siRNA is still unsatisfactory. Herein, a dual tumor-targeting siRNA delivery system combining pRNA dimers with chitosan nanoparticles (CNPPs) was designed to improve the specificity and efficiency of siRNA delivery. In this dual delivery system, folate-conjugated and PEGylated chitosan nanoparticles encapsulating pRNA dimers were used as the first class of delivery system and would selectively deliver intact pRNA dimers near or into target cells. pRNA dimers simultaneously carrying siRNA and targeting aptamer, the second class of delivery system, would specifically deliver siRNA into the target cells via aptamer-mediated endocytosis or proper particle size. To certify the delivering efficiency of this dual system, CNPPs, pRNA dimers alone, chitosan nanoparticles containing siRNA with folate conjugation and PEGylation (CNPS), and chitosan nanoparticles containing pRNA dimers alone (CN) were first prepared. Then, we observed that treatment with CNPPs resulted in increased cellular uptake, higher cell apoptosis, stronger cell cytotoxicity, and more efficacious gene silencing compared to the other three formulations. Higher accumulation of siRNA in the tumor site, stronger tumor inhibition, and longer circulating time were also observed with CNPPs compared to other formulations. In conclusion, this dual nanocarrier system showed high targeting and favorable therapeutic efficacy both in vitro and in vivo. Thereby, a new approach is provided in this study for specific and efficient delivery of siRNA, which lays a foundation for the development of pRNA hexamers, which can simultaneously carry six different substances.
INTRODUCTION
RNAi, a potent and highly specific gene-silencing phenomenon triggered by double-stranded RNA helix, 1 has emerged as a promising strategy for treatment of a wide range of diseases. 2 Small interfering RNA (siRNA) with 21-23 base pairs has been proven to be more efficient in gene silencing than other RNAi molecules and opens wide perspectives in therapeutics for the treatment of many diseases linked to elevated expression of identified genes, including cancer and infectious, inflammatory, and neurodegenerative diseases. 3, 4 As a result, several clinical trials using siRNA approaches have being conducted in patients with liver cancers and metastatic melanoma. 2, 5, 6 Although a promising application shown in the treatment of diseases, the poor physicochemical properties of siRNA, such as hydrophilicity, high molecular weight, negative charge, the resultant poor cell penetration, and instability in physiological fluids hinder its ultimate functionality in the clinic when administered as a naked molecule. 3 Therefore, an effective delivery system is required for siRNA to overcome these challenges and reach the target cells. [4] [5] [6] An ideal vector for siRNA delivery should exhibit the following characteristics: (1) should be biocompatible, non-immunogenic, and have low toxicity; (2) the size should be below 200 nm with an optimal size of 10-100 nm. In this size range, the particles are large enough to avoid kidney filtration and small enough to penetrate tissues. Furthermore, the delivery system can facilitate particles containing siRNA to enter cells via receptor-mediated endocytosis, promote intracellular trafficking, and minimize clearance mediated by reticuloendothelial system (RES); (3) the vector must be stable enough in physiological fluids to avoid nucleic acid degradation; (4) the vector should have the capability of escaping from opsonization and uptake by macrophages, maintaining high retention time, reaching, and entering the target cells; and (5) the escape of siRNA from the endosome and further release into the cytoplasm are also considered necessary. 2, 7, 8 All of these properties are desired for the development of a powerful siRNA delivery system. Many carriers have been developed to obtain ideal siRNA delivery, such as viral nanocarriers, 9 lipid-based vectors, [10] [11] [12] polymer-mediated nanoparticles, [13] [14] [15] [16] [17] exosomes, 18, 19 and oligonucleotide nanoparticles. 20, 21 Among these carriers, a packaging RNA (pRNA) nanoparticle is one of the most promising vectors due to its high potential in therapeutics and wide variety of functions. 22 pRNA is a component of the bacteriophage phi29 DNA-packaging motor, its monomers can fold into stable and unique secondary structures to form dimers, trimers, and ultimately hexamers, which have optimal sizes ranging from 10-50 nm. [23] [24] [25] [26] The formation of polymerides is mediated through hand-in-hand interaction of the right and left interlocking loops. 23 This structural feature of pRNA allows for easy manipulation, high reproducibility, and known stoichiometry. 24 Fusion of pRNA with a variety of sequences at the specific sites do not impede the formation of polymerides or interfere with functions, which allows pRNA to carry therapeutic and targeting genes simultaneously without altering its secondary structure or intermolecular interactions. 2, 24 Another advantage of pRNA as a delivery system is its ability to avoid immune responses after long-term repeated drug administration. [22] [23] [24] 27, 28 In all, pRNA nanotechnology provides a potential and innovative therapeutic strategy for treatment of gene-related diseases. 8 Although promising in nucleic acid delivery, pRNA nanoparticles still face many hurdles in delivering siRNA. A major concern is its instability. pRNA nanoparticles are formed via non-covalent bonding, which results in thermodynamic instability and easy dissociation in vivo. 26, 27 Furthermore, a high concentration of magnesium ions of about 5 mM, which is much higher than the 0.35-0.70 mM in human blood, thus is usually required to maintain an appropriate pRNA conformation for all pRNA polymerides, including a stability-improved three-way junction-decorated hexamer. 26, 29 All of these problems should be solved to improve the delivery efficiency and therapeutic applications of pRNA nanoparticles.
Besides pRNA, chitosan is another candidate suitable for delivering genes because of its positive charge, good biocompatibility, favorable biodegradability, low cytotoxicity, and satisfactory chemical modification. 2, 30 Recently, the safety and efficient gene silencing of chitosan nanocarriers have been certified in vivo. 31 However, the insufficient intracellular transport limits the wide application of chitosan carriers in siRNA delivery. 31 Based on the above background, we first designed a dual tumor-targeting siRNA delivery system combining pRNA dimers with folate and polyethylene glycol (PEG)-decorated chitosan nanoparticles (CNPPs). The construction and proposed schematic illustration of CNPPs are shown in Figure 1 . First, pRNA monomers with therapeutic siRNA (c-Myc siRNA) or a tumor-targeting aptamer (FB4, a RNA aptamer specifically binding to the extracellular domain of a transferrin receptor) were constructed by in vitro transcription, and after that, pRNA dimers simultaneously carrying therapeutic siRNA and a tumor-targeting aptamer were formed by mixing different pRNA monomers together. Then, chitosan nanocarriers loading pRNA dimers were developed by encapsulating pRNA dimers into folate and PEGylated chitosan nanoparticles using a modified ionic gelation method. After intravenous injection, chitosan nanoparticles act as the first class carrier of siRNA delivery to protect pRNA dimers from depolymerization, degradation, or elimination and deliver intact pRNA dimers near or into target cells under the guidance of folate. pRNA dimers released outside the cells then play the role of the second class carrier of siRNA delivery and selectively enter target cells via receptor-mediated endocytosis or intercellular penetration facilitated by their small particle size. Accordingly, the significantly improved intracellular delivery and favorable therapeutic efficacy of siRNA was expected for this dual tumor-targeting siRNA delivery system since this system makes best use of the advantages of chitosan nanoparticles and pRNA dimers, while addressing their respective disadvantages.
To certify the practical siRNA delivering efficacy of this dual tumor-targeting nanocarrier system, CNPPs and other formulations of siRNA were constructed and their delivering efficiencies both in vitro and in vivo were evaluated in this study.
RESULTS AND DISCUSSION

Characterization of FA-PEG-Chitosan
Successful synthesis of folic acid (FA)-PEG-chitosan was confirmed by 1 H nuclear magnetic resonance (NMR) spectra, and the typical 1 H spectrum is shown in Figure 2 . The degree of deacetylation (DD) of chitosan was speculated with signal A at d = 1.8-1.9 ppm from the acetyl group (ÀCOCH 3 ), signal B at d = 2.9-3.1ppm from the monosaccharide residue (ÀCH(OCH) À (CH) 2 À), and signal C at d = 3.4-3.5 ppm from PEG (ÀOCH 2 CH 2 OÀ), and the DD of chitosan was about 85%. The degree of substitution (DS) value of PEG on FA-PEG-chitosan was calculated according to the relative peak area of ethylene group of PEG (signal C) to monosaccharide residue (signal B), and it was about 25%. The relevant signals of folate are too weak compared with the broad and strong proton signals of PEG and chitosan residues to obtain the precise degree of folate grafting. Therefore, UV spectroscopy was used for accurate evaluation, and the DS of folate was 18%.
Characteristics In Vitro
pRNA dimers alone and the three derivatives of chitosan nanoparticles (i.e., chitosan nanoparticles containing siRNA with folate conjugation and PEGylation [CNPS], chitosan nanoparticles containing pRNA dimers only [CN], and chitosan nanoparticles containing pRNA dimers with folate conjugation and PEGylation [CNPPs]), were fabricated and characterized. pRNA dimers appeared regularly circular (Figures 3A-3C). All chitosan nanoparticles were round and there was no morphologic difference among these particles ( Figures 3D-3L ). The diameters of CNPS, CN, and CNPPs were 279.74 ± 1.63 nm, 321.54 ± 3.56 nm, and 352.57 ± 6.70 nm, respectively (shown in Figures 3M-3O ), which was consistent between transmission electron microscopy (TEM) and atomic force microscopy (AFM) analyses. The diameters of CN and CNPPs were larger than CNPS, which was likely due to the larger volume of pRNA dimers compared to siRNA. The diameter of pRNA dimers was estimated between 20 nm and 30 nm ( Figure 3A ), since the concentration of pRNA dimers was too low to detect their diameters by photo correlation spectroscopy. The zeta potentials of pRNA dimers, CNPS, CN, and CNPPs were À27.4 ± 1.8 mV, 19.2 ± 1.3 mV, 21.5 ± 1.2 mV, and 16.7 ± 1.6 mV, respectively. The encapsulation efficiencies of CNPS, CN, and CNPPs were 64.3 ± 1.2%, 65.8 ± 2.3%, and 62.2 ± 0.9%, respectively.
It was previously reported that nanoparticle size affected the biodistribution of nanoparticles and nanoparticles with diameters larger than 200 nm were prone to activate the complement system, be rapidly removed from the blood stream, and accumulate in the liver and spleen. 32 However, PEGylation of nanoparticles, even >500 nm, allow their escape from the macrophage system and prolong their circulation. 33 In fact, CNPPs with diameters about 200 nm were also obtained in our experiments, and they were not used in further experiments since the lower particle size of CNPPs could lead to First, pRNA monomer carrying tumor-targeting aptamer (Ba 0 ) and pRNA monomer carrying therapeutic siRNA (Ab 0 ) are constructed by in vitro transcription, and pRNA dimers simultaneously carrying therapeutic siRNA and tumortargeting aptamers are formed spontaneously after the mixture of different pRNA monomers at a ratio of 1:1. Then, the formed pRNA dimer suspension containing sodium tripolyphosphate is added into the folate-conjugated and PEGylated chitosan solution. CNPPs are finally obtained after stirring for 30 min. (B) Proposed schematic illustration of designed CNPPs. After injection, chitosan nanoparticles in CNPPs act as the first class of dual delivery system to protect pRNA dimers from depolymerization, degradation, or elimination and deliver the intact pRNA dimers near or into target cells under the guidance of folate. pRNA dimers released outside the cells then play the role of the second class of dual delivery system and enter into the target cells via receptor-mediated endocytosis or intercellular penetration facilitating the advantage of small particle size.
lower drug loading and lower encapsulation efficiency. Therefore, CNPPs with diameters about 300 nm were applied in this study after overall consideration.
Colloidal Stability
The colloidal stability of CNPPs and their dilutions with 5% glucose solution, minimum essential medium (MEM) containing 10% fetal bovine serum (FBS) or mouse serum, was monitored by Turbiscan Lab Expert, as shown in Figure 4 . The variations of each sample in transmission or backscattering profiles during 2 days were exhibited and less than 3% of variations in both transmission and backscattering for all samples were observed. These changes were considered negligible when it was below 3%, and we concluded that no apparent aggregation, depolymerization, or sedimentation occurred in any samples during culture. Therefore, CNPPs were deemed stable, and the stability of pRNA dimers encapsulated in CNPPs was also considered to be improved since the instability of pRNA dimers has been well characterized previously. 7, 26 Furthermore, CNPPs have also been shown to enhance the stability of siRNA both in vitro and in vivo. 3, 30 
Cellular Uptake and Confocal Microscopy Analysis
The intracellular uptake of free siRNA and different chitosan nanoparticle formulations was quantitatively evaluated by flow cytometry. As shown in Figure 5A , CNPPs had the strongest geometric mean intensity in MCF-7 cells, followed by pRNA dimers, CN, and CNPS, while free siRNA had the lowest cellular uptake. It was reasonable for free siRNA to show poor cell uptake, since cellular uptake is hindered due to its negative charge, large size, and instability. 3, 30 The cellular uptake of CNPS was minimal, which could be attributed to its large particle size, limited endocytosis mediated by ligand, and poor cell penetrating ability of free siRNA released from CNPS. The cellular uptake of pRNA dimers was significantly increased compared with CNPS, likely due to the targeting action of FB4, except the small particle size and factitiously improved stability by the culture medium without FBS, since FB4 has been shown to specifically bind the extracellular domain of transferrin receptors overexpressed by MCF-7 cells. 34 The cellular uptake of CN was higher than CNPS, while lower than pRNA dimers, primarily related to the partial release of pRNA dimers from CN, since CN did not readily enter cells because of its large size and absent endocytosis mediated by ligand. The highest cellular uptake of CNPPs was attributed to two reasons. First, PEGylation and folate conjugation on chitosan rendered CNPPs long circulation and high targeting ability, which could improve the entry of CNPPs into the target cells by endocytosis. 30, 31 Second, CNPPs could protect pRNA dimers from degradation and bring pRNA dimers near to the target cells, where pRNA dimers were released and easily entered the target cell utilizing FB4 and the proper size. 7, 23 The effect of binding action between a transferrin receptor and FB4 on cellular uptake was also evaluated by adding 50-fold free FB4 into the samples with different formulation before treatment. The results showed that the cellular uptake of pRNA was significantly inhibited for nanocarriers decorated with a FB4 aptamer when free FB4 was simultaneously added into the cell culture, while there was no difference in the cellular uptake of siRNA encapsulated in CNPS without the addition of FB4. Thereby, this data suggested that FB4 could bind with a transferrin receptor expressed by MCF-7 cells, and this binding could significantly improve the cellular uptake of siRNA.
The cell penetrating efficiency of free siRNA and different formulations was further evaluated by confocal laser scanning microscopy (CLSM), and the results are shown in Figure 5D . There was almost no green fluorescence in cells treated with free siRNA, the apparent green fluorescence was exhibited in cells treated with other samples and the strongest appeared in cells cultured with CNPPs. This result was in agreement with the outcome of cellular uptake by flow cytometry analysis, that is, the combination of targeting chitosan nanoparticles and pRNA dimers improved the cellular uptake of siRNA compared with targeting chitosan nanoparticles or pRNA dimers alone. The fluorescence intensity decreased in cells simultaneously treated with free FB4 and formulations decorated with FB4, while there was no apparent change in cells simultaneously treated with free FB4 and CNPS, which indicated that a free FB4 aptamer could competitively bind with a transferrin receptor expressed by MCF-7 cells.
Cell Apoptosis Assay
Apoptosis of MCF-7 cells was evaluated after transfection with various formulations, and the cells were analyzed after staining with Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI). As shown in Figure 5E , significant apoptosis (23%-43%) was exhibited in cells treated with different formulations containing siRNA, while minimal apoptosis was observed in control cells and cells treated with free siRNA or CNPPs with negative control siRNA (negative control), which indicated that the apoptosis response originated from the downregulation of c-Myc in MCF-7 cells. 35, 36 During the four different formulations encapsulating siRNA, the highest apoptosis of about 43% was seen in cells treated with CNPPs, the higher apoptosis of about 37% was observed in cells treated with pRNA dimers, and the lowest apoptosis of 23% was in cells treated with CNPS. This trend was consistent with that from cellular uptake and CLSM analysis, which illustrated the advantages of combining targeted CNPPs with pRNA dimers.
Cell Cytotoxicity
Toxicity of different particles was evaluated on MCF-7 cells using a 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay as shown in Figure 5B . The results depicted that the cell viability decreased over the culture time for all samples. Furthermore, there was almost no cytotoxicity shown for free siRNA, while obvious cytotoxicity was displayed for other formulations in which CNPPs exhibited the strongest cytotoxicity. The effects of CNPS and CN on MCF-7 cells were unsatisfactory, as it was higher than free siRNA. Compared with CNPS, the pRNA dimer showed significant cytotoxicity. The highest cytotoxicity was in CNPPs as expected, which confirmed that the significantly improved intracellular siRNA delivery was due to the comprehensive actions of pRNA dimers 7, 26 and targeting chitosan nanoparticles. 31 
In Vitro Gene Silencing
In vitro gene silencing was examined by the real-time qPCR analysis and results are shown in Figure 5C . There was no c-Myc suppression found in cells treated with negative control compared with the cells treated with blank culture media, while c-Myc expression was downregulated at different degrees in cells treated with different nanoparticle formulations carrying c-Myc siRNA, which suggested that no non-specific gene silencing occurred. The c-Myc expression was also hardly suppressed by free siRNA. In all formulations, CNPS showed the lowest in vitro gene silencing, which was perhaps related with the low membrane permeability due to its large size and limited cell endocytosis. While pRNA dimers may show higher gene silencing in vitro due to its ideal size, their increased sensitivity to RNases may render them impractical for in vivo silencing. CN exhibited moderate gene silencing ability between CNPS and pRNA dimers, which was perhaps related to the partially released pRNA dimers. CNPPs showed the highest mRNA inhibition, since it combined with the advantages of pRNA dimers and chitosan nanoparticles. These data were in agreement with the results from cellular uptake, CLSM, and cell apoptosis assay.
In Vivo Distribution of siRNA
To evaluate the tumor-targeting effects of the nanoparticles, the in vivo distribution and tumor accumulation of the cyanine 7 (Cy7)-siRNA or Cy7-pRNA dimer were visualized by monitoring the whole body fluorescence intensity with a NightOWL II in vivo imaging system. Cy7-labeled free siRNA, CN, CNPS, and CNPPs were injected into MCF-7 xenograft-bearing nude mice, and the results are shown in Figure 6A . pRNA dimers were not investigated since they were highly unstable in vivo due to the dissociation at ultra low concentration after systemic injection, 26 degradation by RNase, 7 and complexation with proteins in serum. 27 Significantly different distribution of fluorescence signals was observed among mice administered the different nanoparticle formulations. No fluorescence signals were detected during the whole experimental period for the negative control mice treated with 5% glucose. The fluorescence distributed systematically soon after administration in mice administered free siRNA, accumulated gradually in the bladder, and disappeared completely at 24 hr after injection, and there was no siRNA accumulation at the tumor site. Similar to free siRNA, the systemic distribution of fluorescence was also found in mice treated with CN, CNPS, and CNPPs soon after injection. The signal of fluorescence seemed to attenuate more in mice treated with CN than mice treated with CNPS or CNPPs, which was likely due to PEGylation in CNPS and CNPPs formulations, thereby prolonging the circulating time. 30 The fluorescence in mice treated with CN completely disappeared except for the kidney at 24 hr, and there was no fluorescence found at the tumor site. The fluorescence in mice administered CNPS focused on the kidneys, and tumors gradually with time, and the strong fluorescence in the kidneys and the slight fluorescence in tumors were observed at 24 hr. This was perhaps reasonable since the bladder was an excretory organ, and a folate receptor was overexpressed in malignant cells. 31 In contrast, obvious fluorescence appeared in tumors for mice administered CNPPs, which indicated the stronger and more specific targeting of CNPPs than either CN or CNPS to the tumor. This might be attributed to the combination of targeting chitosan nanoparticles and pRNA dimers.
Tissues and organs were harvested for observation at the end of the imaging period, and the results are shown in Figure 6B . No fluorescence was detected in any tissue or organ for mice in the negative control group and mice administered free siRNA, likely due to the rapid in vivo clearance for free siRNA. The fluorescence in mice administered CN was mainly distributed in the liver, spleen, and kidney, and there was slight and negligible fluorescence observed in the heart and tumor. This was perhaps related to the phagocytosis of nanoparticles caused by the reticuloendothelial system, since these particles were not conjugated with a folate or PEG. The distribution of fluorescence in mice administered CNPS and CNPPs was similar and the fluorescence majorly localized in the kidney and tumor, while small amounts were observed in the liver and spleen. Although the fluorescence distribution in mice between CNPS and CNPPs was similar, significantly higher fluorescence was observed in the tumor in mice administered CNPPs than CNPS. The similarity of fluorescence distribution in mice for CNPS and CNPPs was perhaps related to their similar particle size and PEGylation and folate conjugation, and the difference in the amount of fluorescence in the tumor was considered caused by the difference between free siRNA and pRNA dimers since released pRNA dimers with FB4 could specifically bind with a transferring receptor secreted by MCF-7 tumor cells and enter into the tumor cells by endocytosis or due to their small size, while free siRNA released from chitosan nanoparticles was rapidly eliminated because of its extreme instability in vivo.
The nude mouse, a laboratory mouse from a strain with a genetic mutation that causes a deteriorated or absent thymus and thereby an inhibited immune system due to a greatly reduced number of T cells, was selected as the animal model for in vivo experiments in this study. Nu/Nu mice can receive various tissue and tumor grafts, as they mount no rejection response. It is worth noting that the nu/nu mouse has normal B cells, natural killer (NK) cells, macrophages, and granulocytes. Therefore, the nude mouse is widely used for in vivo evaluation of antitumor drugs encapsulated in nanoparticles. 19, 35, 36 The process of in vivo uptake of these nanoparticles might be speculated as follows. First, both CNPPs and CNPS were distributed generally soon after administration and then selectively combined with the cells expressing the folate receptor, such as cells in a tumor and activated macrophages. Then, some of the siRNA in CNPS entered the above cells by folate-mediated endocytosis, the rest were released from CNPS and degraded gradually because of the poor permeability and stability of siRNA. Similarly, some of the pRNA dimers in CNPPs also entered the cells expressing a folate receptor, and the rest were isolated from nanoparticles. However, the difference was that pRNA dimers carried both siRNA and aptamers and could remain intact in vivo under the protection of chitosan nanoparticles, thereby, both the endocytosis mediated by the specific aptamer and the cell membrane permeability caused by the satisfactory particle size could significantly improve the distribution of siRNA in a tumor. Therefore, CNPPs integrated the advantages of both targeting chitosan nanoparticles and pRNA dimers and showed notable improvement in siRNA delivery efficacy.
In Vivo Antitumor Efficiency
The antitumor efficacy of different formulations was further investigated in MCF-7 tumor-bearing mice following the in vitro studies. As shown in Figure 7A , the tumor volume of mice administered both 5% glucose and free siRNA increased with time and there was no statistical difference in tumor growth, which indicated that free siRNA exhibited no antitumor efficacy in vivo. Tumor inhibition was observed to different degrees in mice receiving various formulations encapsulating siRNA, and the order of antitumor efficiency was CNPPs > CNPS > CN, which was concordant with the results from an in vivo distribution experiment. Contrary to the results in vitro, CN displayed weaker tumor inhibition than CNPS, which was related directly to the absence of tumor targeting for CN and poor stability of pRNA dimers. The body weight variations over the treatment period were also monitored to estimate the toxic side effects of various formulations. As shown in Figure 7B , there was no apparent reduction in body weight of the mice treated with various nanoparticle formulations. No obvious changes in spirits were observed for these mice. Therefore, it could be supposed that these nanoparticle formulations were safe.
Pharmacokinetic and Biodistribution Study
To verify the prolonged circulating time of PEGylated particles, pharmacokinetic analysis of siRNA in different formulations was performed in mice, and the results are shown in Figure 7C . It was obvious that naked siRNA was cleared at the fastest speed and almost completely eliminated at 120 min post-injection. After encapsulating with common chitosan nanoparticles, the clearance of siRNA slightly slows down, which means that chitosan nanoparticles protect siRNA from elimination to some extent. Compared with CN, the plasma concentration of siRNA in folate-conjugated and PEGylated chitosan nanoparticles (both CNPS and CNPPs) displayed a slower elimination rate and sustained for a longer time. This suggested that functionalization of nanoparticles with PEG moieties prolonged the circulating time in blood. However, it's worth noting that the detected object was the fluorescence intensity of Cy7 rather than siRNA or pRNA itself, that is, the results were not influenced if siRNA or pRNA was degraded while Cy7 was still intact. Therefore, the method used to detect siRNA or pRNA here was not accurate enough, and the result acquired by this method was just reference.
To further explain the therapeutic efficacy disparity of siRNA with different formulations, the biodistribution of siRNA in mice was investigated and the results are displayed in Figure 7D . It was obvious that the strongest fluorescence was shown in the liver and most of the fluorescence mainly accumulated in the liver, kidney, lung, and spleen at 1 hr for all mice in spite of formulation. The fluorescence quickly disappeared in almost all tissues at 8 hr except the kidney for naked siRNA, and it could be detected in the liver, spleen, and kidney until 24 hr for CN, CNPS, and CNPPs. The strongest fluorescence in the MCF-7 tumor was detected in mice given CNPPs, the next appeared in mice given CNPS, and both were stronger than that in mice given CN. The fluorescence accumulation in the HT-1080 tumor was significantly decreased compared with that in the MCF-7 tumor for both CNPS and CNPPs, which resulted in that there was no significant difference in the fluorescence accumulation in the HT-1080 tumor for CN, CNPS, and CNPPs. Different from the tumor accumulation of CNPS and CNPPs, there were no changes found in fluorescence distribution between mice bearing a MCF-7 tumor and a HT-1080 tumor for both naked siRNA and CN. All of these data suggested that FA-decorated particles could selectively target to a transferring-receptor positive MCF-7 tumor and CNPPs, the dual tumor-targeting nanocarrier system, which possessed a stronger targeting ability to a MCF-7 tumor than others.
Conclusions
A dual tumor-targeting nanocarrier system combining pRNA dimers and tumor-targeting chitosan nanoparticles for siRNA delivery was successfully developed in this study. The constructed system displayed good physicochemical properties such as proper particle size, satisfactory encapsulation efficiency, and good colloidal stability. Importantly, this dual tumor-targeting nanocarrier exhibited the advantages and bypassed the disadvantages of pRNA dimers and chitosan nanoparticles and showed stronger tumor inhibition both in vitro and in vivo than pRNA dimers or tumor-targeting chitosan nanoparticles alone. Therefore, this system shows a number of superior features and is promising as a new generation of siRNA delivery systems. This dual tumor-targeting nanocarrier system may be valuable in future studies that utilize a pRNA hexamer, since it can simultaneously carry at most six different substances including therapeutic siRNA and ligands and can also be encapsulated into CNPPs by substituting pRNA dimers. Mice were all housed in ventilated cages with free access to food and water under standardized conditions. Mice were acclimatized to laboratory conditions for 7 days before experiments. At the same time, a dim red light was used for mice treated during the dark phase. All surgeries were performed under sodium pentobarbital anesthesia and all efforts were made to relieve suffering. All animals were handled in research according to the code of ethics defined by the Animal Care and Use Ethics Committee of Academy of Military Medical Sciences.
MATERIALS AND METHODS
Synthesis and Purification of FA-Conjugated and PEGylated Chitosan
FA-PEG-chitosan was synthesized according to published literature. 37, 38 The synthesis was fulfilled through three steps, that is, the synthesis of NHS-conjugated FA (FA-NHS), the synthesis of thiolconjugated FA(FA-SH), and the synthesis of FA-PEG-chitosan. First, FA (1.0 g) was added into the mixture of anhydrous DMSO (40 mL) and triethylamine (TEA, 0.5 mL) under stirring. The obtained solution was then mixed with DCC (0.5 g) and NHS (0.52 g) and stirred in the dark overnight. The production was filtrated to remove precipitation and FA-NHS was acquired after the filtrate was evaporated under vacuum. Second, FA-NHS was dissolved into the mixture of DMSO and TEA (2:1, v/v), and then AET was added into the above mixtures to conduct the reaction. After overnight, the thiol group was linked to FA and FA-SH was obtained. Third, about 100 mg of deacetylated chitosan was dissolved in 20% acetic acid solution, and then the solution was adjusted to pH 6. The solution was further adjusted to pH 7 after the addition of about 100 mg NHS-PEG-MAL, and thereafter the reaction was performed under an argon atmosphere. After overnight reaction, PEGylated chitosan was acquired. FA-SH was then slowly added to PEGylated chitosan solution under stirring, and the reaction was maintained for 48 hr after the mixture was adjusted to pH 6.5-7.5 with 6 M sodium hydroxide. After dialysis and following freeze drying, FA-PEG-chitosan was finally obtained in yellow powder and verified by 1 H NMR spectroscopy. Folate content of the final product was determined by a UV/V is spectrophotometer using the molar extinction coefficient value of 6,197 mole À1 cm À1 at l = 363 nm. 37 
Generation of Chimera RNAs and Fluorescent RNAs
Regular pRNA-aptamer chimera and pRNA-siRNA chimera were generated by in vitro T7 transcription as reported in recent literature. 17, 18, 31 In brief, transcriptions were conducted in a mixture of 0.1 mM DNA template, 0.75 mM of each nucleoside triphosphate (NTP), 0.375 U/mL T7 RNA polymerase, 40 mM tris (hydroxymethyl) aminomethane hydrochloride (Tris-HCl, pH 7.5), 15 mM magnesium chloride (MgCl 2 ), 5 mM DTT, 2 mM spermidine, and 0.01% (v/v) Triton X-100. The transcription products were obtained after incubation for 3 hr at 37 C, precipitation by ethanol, and finally purification with denaturing gels. RNAs including pRNA-aptamer chimera and pRNA-siRNA chimera were both transcribed with DuraScribe T7 Transcription Kit (EPICENTRE Biotechnologies) in vitro. 23, 28 The full sequence of pRNA-FB4 chimera (Ab 0 ) is 5 0 -GUUGAUUGC GUGUCAAUCAUGGCGGACGGAUUGCGGCCGUUGUCUGUG GCGUCCGUUCGUCAUGUGUAUGUUGGGGAUUAGGACGCU GAUUGAGUUCAGCCCACAUAC-3 0 , in which the underlined sequence is the binding sequence of FB4. pRNA-siRNA represents pRNA chimera (pRNA Ba 0 ) that harbors the sequences of c-Myc siRNA: 5 0 -AGAACGUUAGCUUCACCAACAUUGUCAUG UGUAUGUUGGGGAUUAACGCCUGAUUGAGUUCGACCCAC AUACUUUGUUGAUUGUCCGUCAAUCAUGGUGUUGGUGAA GCUAACGUUCUUU-3 0 , in which the underlined sequences are the sequences of c-Myc siRNA. pRNA-negative control siRNA represents pRNA chimera (pRNA Ba 0 ) that harbors the sequences of negative control siRNA: 5 0 -AGUUCUCCGAACGUGUCACGUUUGUCAU GUGUAUGUUGGGGAUUAACGCCUGAUUGAGUUCGACCCA CAUACUUUGUUGAUUGUCCGUCAAUCAUGGACGUGACAC GUUCGGAGAACUUU-3 0 , in which the underlined sequences are the sequences of negative control siRNA.
The chimeras were labeled with fluorescence by using the Silencer siRNA Labeling Kit as previously described. 23 FAM and Cy7-labeled chimera sense strands were prepared in this study.
Preparation of pRNA Dimers
To form the dimer of pRNA, Ba 0 pRNA-aptamer chimeras and Ab 0 pRNA-siRNA chimeras were mixed at a 1:1 molar ratio in the presence of 5 mM Mg 2+ and 40 U RNase inhibitor as reported. 23, 39, 40 Preparation of Chitosan Nanoparticles CNPPs, the dual tumor-targeting nanocarrier system, were prepared based on the modified ionic gelation method as previously described. 2, 41, 42 First, about 100 mg FA-PEG-chitosan was dissolved in 20 mL of 1% acetic acid after stirring and sonication. The solution was adjusted to pH 5.5 with 0.25 M sodium hydroxide, and proper MgCl 2 was further added into the above solution to maintain the concentration of Mg 2+ at 5 mM. Then, sodium triphosphate pentabasic (TPP) solution (10 mg/mL) containing 5 mM MgCl 2 was mixed with pRNA dimers. The nanoparticles were spontaneously formed upon mixing the above solutions with the ratio of 5:1 (chitosan to TPP, w/w) under constant magnetic stirring and then incubated for at least 30 min. The nanoparticles were finally dialyzed with molecular weight cut off (MWCO) of 300 kD (Spectra/Por, Spectrum Labs) against diethyl pyrocarbonate water for 24 hr. CN, CNPS, and negative control were also prepared according to the preparing method of CNPPs.
In Vitro Characterization of pRNA Dimers and Chitosan Nanoparticles Morphology pRNA dimers and different chitosan nanoparticles were all morphologically characterized first by TEM. The suspension of pRNA dimers and dilutions of chitosan nanoparticles were dropped, respectively, on a copper grid to form a dry film at room temperature. Then the samples were negatively stained with 2% phosphotungstic acid, air-dried at room temperature once again, and observed using TEM.
The morphologies of pRNA dimers and chitosan nanoparticles were also observed by AFM. The pRNA dimers and dilutions of chitosan nanoparticles were spread onto a mica sheet, dried at room temperature, and observed with AFM.
Particle Size Analysis
The particle sizes of CNPPs, CN, and CNPS were determined by photo correlation spectroscopy (Nanophox) at 25 C, while the concentration of pRNA dimer was too low to detect. The measurements were performed in triplicate, and the results were reported as the mean value of 50% particle distribution.
Zeta Potential Measurements
Zeta potentials of pRNA dimers, CNPS, CN, and CNPPs were measured in triplicate with Malvern Zetasizer Nano ZS90 instrument (Malvern Instruments). CNPS, CN, and CNPPs were suitably diluted with RNase-free water before determination, and the results were all reported as the mean ± SD.
Determination of Encapsulation Efficiency
The encapsulation efficiencies of CNPPS, CN, and CNPs were obtained from the determination of free pRNA dimers or siRNA. 35, 41 Briefly, the suspension of FAM-labeled CNPS, FAM-labeled CN, or FAM-labeled CNPPs was centrifuged at a high speed of 15,000 Â g for 30 min at 4 C to precipitate the nanoparticles, and the supernatant was then carefully collected. The contents of pRNA dimers and siRNA added or in supernatant were then determined using the spectrofluorometer. The entrapment efficiency was obtained according to Equation 1 , where W total drug indicates the total amount of pRNA dimers or siRNA added and W free drug indicates the amount of pRNA dimers or siRNA non-encapsulated in the supernatant.
Encapsulation efficiencyð%Þ = Â W total drug -W free drug Ã W total drug Â 100%
(Equation 1)
Colloidal Stability Analysis
To evaluate colloidal stability, CNPPs and their dilutions with 5% glucose solution, MEM containing 10% FBS, and mouse serum, were monitored, respectively, with Turbiscan Lab Expert (Formulaction) at 37 C to determine the small changes of colloidal systems with delta transmission and delta backscattering as indexes. 43 In Vitro Cellular Uptake
To analyze the cellular uptake in vitro, MCF-7 cells were seeded in 6-well plates at a density of 2 Â 10 5 cells/well. After 24 hr, the cells were washed with cool PBS and then incubated for 4 hr with different FAM-labeled samples including free siRNA, CNPS, pRNA dimers, CN, and CNPPs at a siRNA concentration of 75 nM. After triplicate washing with cool PBS, the cells were detached with 0.25% trypsin solution and further washed with cold PBS. The cellular uptake was measured with flow cytometry after the cells were resuspended in 0.3 mL PBS. The autofluorescence of the cells was used as control. 44, 45 To further clarify the binding ability of FB4 with a transferrin receptor, 50-fold free full-length FB4 was added into the samples containing CNPS, CN, pRNA dimers, or CNPPs before treatment as a transferrin receptor negative control. [46] [47] [48] [49] 
Confocal Imaging
For CLSM analysis, MCF-7 cells were seeded at a density of 2 Â 10 5 cells/well on a petri dish and cultured for 24 hr. The media were then exchanged with 2 mL of FAM-labeled samples including free siRNA, pRNA dimers, CN, CNPS, and CNPPs, respectively. The final concentration of a FAM-siRNA/FAM-pRNA dimer for each sample was 200 nM. After incubation for 4 hr, the media were removed and discarded. Thereafter, the cells were washed for three times and fixed with 4% paraformaldehyde for 20 min. Then the cell nuclei were stained by Hoechst 33258 for 10 min at an ambient temperature. Finally, the fluorescent images were analyzed using CLSM (UltraVIEW VoX, PerkinElmer). 35, 50 To further estimate the binding ability of FB4 with a transferrin receptor, the fluorescent images of MCF-7 cells treated with 50-fold free full-length FB4 and different formulations together were also analyzed.
Cell Cytotoxicity
To evaluate the in vitro cell cytotoxicities of different formulations, MCF-7 cells were seeded in 96-well plates and incubated for 24 hr. After washing with cool PBS, the cells were further incubated with 200 mL different samples including blank culture media, free siRNA, negative control, pRNA dimers, CN, CNPS, and CNPPs at a siRNA concentration of 200 nM for another 24 hr, 48 hr, and 72 hr, respectively. Then, 20 mL of MTT solution (5.0 mg/mL) was added into each well, and the plates were incubated for 4 hr. The media was then removed and 200 mL of DMSO was added to dissolve the formazan crystals. The absorbance of the solutions at 570 nm was measured with a 96-well plate reader (Model 680, Bio-Rad). The cell culture medium was used as a negative control (cell viability defined as 100%). 45, 51, 52 In Vitro Gene Silencing MCF-7 cells were seeded in a 35-mm dish 1 day before transfection. To carry out the treatment, the cells were washed and then incubated further with different samples including blank culture media, free siRNA, negative control, CNPS, pRNA dimers, CN, and CNPPs at a siRNA concentration of 100 nM for 4 hr. After that, the cells were washed again with cold PBS and incubated further for 48 hr (for mRNA assays). The transfected cells were then collected. Then, c-Myc mRNA was evaluated with real-time qPCR.
The method for the real-time qPCR assay has been reported in the literature, 36 and the mRNA was assayed in this study with minor modifications. In brief, the analysis was carried out on the IQ5 Real-Time PCR Detection System (Bio-Rad), and the relative gene expression was quantified by the 2 ÀDDCt method using the IQ5 Optical System Software version 2.0 (Bio-Rad). The primers for PCR amplification were as follows: glyceraldehyde 3-phosphate dehydrogenase (GAPDH) forward: 5 0 -GGGTGTGAACCATGAGAAGT-3 0 ; GAPDH reverse: 5 0 -GACTGTGGTCATGAGTCCT-3 0 ; c-Myc forward: 5 0 -GGCTAT TCTGCCCATTTGGGGAC-3 0 ; and c-Myc reverse: 5 0 -GGCAGCA GCTCGAATTTCTTC-3 0 . Reaction parameters were: 95 C for 10 s, then 61 C for 30 s, 40 cycles. Specificity was verified by melt curve analysis and agarose gel electrophoresis.
Cell Apoptosis Assay
To assay cell apoptosis induced by different formulations, MCF-7 cells were cultured in 6-well plates and incubated until 50% confluence. The cells were then cultured with different samples including blank culture media, negative control, free siRNA, CNPS, pRNA dimers, CN, and CNPPs at a final siRNA concentration of 75 nM for 4 hr, and thereafter the media were changed to the fresh culture media. After 72 hr, cells were trypsinized, collected, and washed with cool PBS. The apoptotic cells were detected by flow cytometer using the Annexin V-FITC Apoptosis Detection Kit (BD Biosciences). The results were analyzed using FlowJo software (Tree Star). 35 
In Vivo Imaging
The in vivo imaging was evaluated in MCF-7 tumor-bearing male nude mice. Briefly, the mice were subcutaneously injected in right axilla with 3 Â 10 6 MCF-7 cells. The tumors were allowed to grow to a volume of approximately 300 mm 3 , and the mice were randomly divided into five groups. Each group of mice was administered with 5% glucose, free Cy7-siRNA, Cy7-labeled CNPS, Cy7-labeled CN, or Cy7-labeled CNPPs at a dose of 0.5 mg/kg converting to siRNA by tail vein injection. Subsequently, the fluorescence imaging was performed with a NightOWL II in vivo Imaging System (LB983, Berthold Technologies) at a predetermined time. 36, 53 The mice were then sacrificed by cervical dislocation after whole body imaging. The tumors and major organs including the heart, liver, spleen, lung, and kidney were finally excised and imaged.
In Vivo Antitumor Efficacy
The xenograft tumor model was established on male nude mice by subcutaneous injection of MCF-7 cells. Once the tumor volume was around 100 mm 3 , the mice were randomly divided into five groups (n = 5 per group) and treated with 5% glucose, free siRNA, CNPS, CN, and CNPPs, respectively, by intravenous injection every 2 days at a dose of 1.2 mg/kg converting to siRNA. The tumor volume was measured daily and calculated based on the equation (a Â b 2 ) / 2, where "a" and "b" represent the length and width of the tumor, respectively. The body weights of animals were also monitored daily during the experimental period. The mice were sacrificed 24 hr after the final injection.
Pharmacokinetic and Biodistribution Study
To investigate the pharmacokinetic characteristics of siRNA in different formulations, male nude mice were randomly divided into four groups (five mice per group) and mice in each group received Cy7-labeled CNPPs, Cy7-labeled CNPS, Cy7-labeled CN, and Cy7-labeled siRNA, respectively, via tail vein injection at the siRNA dose of 0.125 mg/kg. Thereafter, retro-orbital blood samples (about 40 mL) were collected in preheparinized tubes at 5 min, 10 min, 20 min, 30 min, 60 min, 120 min, 240 min, and 480 min. Blood samples were then transferred to tubes containing heparin and stored at À20 C until analysis. To determine the concentration of siRNA in blood, 20 mL of blood were transferred to a black 96-well plate, and the sample was diluted 1.5 times in MilliQ water. Then, Cy7 fluorescence was measured on a PolarStar fluorimeter (BMG) at l ex = 750 nm and l em = 773 nm. Finally, the acquired values were normalized to a siRNA concentration calculated from calibration curves. 54 To obtain the detail biodistribution of siRNA in mice at different times, male nude mice bearing a MCF-7 tumor were randomly divided into four groups (12 mice per group) and intravenously administered Cy7-labeled CNPPs, Cy7-labeled CNPS, Cy7-labeled CN, and Cy7-labeled siRNA, respectively, at the siRNA dose of 0.125 mg/kg. At 1 hr, 4 hr, 8 hr, and 24 hr post-injection, three mice in each group were sacrificed. The main organs (heart, liver, spleen, lung, and kidney) and tumors were simultaneously excised and stored at À80 C until analysis. To compare drug distribution in the tumor model with low expression of a transferrin receptor, the distribution of Cy7-labeled preparations in male nude mice bearing a HT-1080 tumor were also investigated as that in male nude mice bearing a MCF-7 tumor. To determine siRNA accumulation, tissues were first placed for several minutes in liquid nitrogen, then homogenized using a homogenizer and lysed using 1 Â passive lysis buffer (PLB, Promega) (250 mL for the spleen and heart, 500 mL for the lung and kidney, and 1,000 mL for the liver). Cy7-labeled siRNA fluorescence was measured with the method used for pharmacokinetic analysis. The acquired values were normalized to protein content (Pierce) to get FU/mg. 54 
Statistical Analysis
All data were shown as mean ± SD. Student's t test or one-way ANOVA was used for the statistical evaluation. Differences between groups were considered as statistically significant when the probability (p) was less than 0.05.
